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ABSTRACT 

Quantum well (QW) diode oscillators have recently been shown to have the 

potential to generate power in the millimeter (mm) and sub-mm wave region. The small 

signal microwave impedance of a modified QW device called the quantum well injection 

transit time (QWITT) diode is measured and compared with theoretical predictions. 

Based on the small signal impedance of the device, several QWITT oscillators were 

designed and fabricated. The highest power ever reported for a QW diode oscillator 

was obtained at about 8 GHz. 

Due to the strong nonlinearity of the QWITT diode, mixers can also be 

constructed using this device. A waveguide and a planar QWTIT diode self-oscillating 

mixer were tested. These mixers, for the first time, achieved conversion gain. 

Even though QW devices are capable of operation at mm and sub-mm wave 

frequencies, the power they generate is small. A periodic planar power combining 

structure is described that can combine power generated from several negative 

resistance devices. Because of the periodicity of the structure, there is no need for an 

external resonator and therefore the structure is compatible with monolithic fabrication. 

Experimental tests were carried out of the structure using Gunn diodes. In some cases 

power combining efficiencies higher than 100% were obtained. 

The frequency of operation of QW diodes can be expanded by using them as 

harmonic generators.  In this case also a power combining technique is required to 



increase the harmonic power generated to a useful level. Several negative resistance 

devices are injection locked at the fundamental frequency. Second harmonic is 

generated due to the device nonlinearity and is radiated out into space through an array 

of microstrip patch antennas. Therefore the second harmonic power generated by 

several devices is combined in space. Experimental results of a second-harmonic 

combiner using Gunn diodes are presented. 
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CHAPTER 1 

INTRODUCTION 

In recent years there has been a new interest in millimeter wave technology. 

Vacuum tube sources that cover the entire millimeter wave spectrum exist but there is a 

demand for solid state devices capable of operation at millimeter and sub-millimeter 

wave frequencies. There are solid state sources such as Impatt and Gunn diodes that 

can operate in the lower millimeter wave region but their efficiency and performance 

degrade at higher frequencies. 

Quantum well devices have recently been shown to be capable of generating 

power at millimeter and sub-millimeter wave frequencies [l]-[3]. This is because the 

intrinsic negative resistance region for the quantum well device extends from DC up to 

several hundred GHz. Quantum well devices are also very attractive because quantum 

mechanical tunneling is intrinsically a low noise process. However, the output power 

obtained from these devices, thus far, has been rather low. The physical device 

structures that must be used to maximize the output power density obtained from these 

devices remain to be explored fully. 

A modified version of quantum well device, the quantum well injection transit 

time (QWITT) diode, consisting of a double barrier structure coupled with a depletion 

region or drift region, was proposed by Kesan et al. [4]. This device exploits transit 

time phenomena to improve the output power of the conventional quantum well 

devices. 

In the second chapter of this work, the small signal impedance measurement of 

the microwave impedance of the QWITT diode is described. The experimental results 

1 



are compared with the theoretical calculations [5]. Based on the measurements, the 

maximum operating frequency of the QWTTT diode is determined. 

In the third chapter, the design of negative resistance oscillators based on small 

signal analysis is described. Then design and experiments concerning several planar 

QWTTT diode oscillators are discussed. These oscillators are designed based on the 

small signal information described in Chapter 2. The planar QWTTT diode oscillator 

generated the highest power ever reported from a quantum well device. Also some of 

the author's attempts in making a 94 GHz QWITT diode oscillator are mentioned. 

Due to the strong nonlinearity of the quantum well diode in the region of 

negative resistance, it has a potential to make an efficient self-oscillating mixer. In the 

forth chapter some experimental results obtained from a waveguide and a planar self- 

oscillating mixer using QWTTT diodes are presented. These mixers operate in the X- 

bnnd region. The wave guide mixer operates in the third harmonic conversion mode 

and the planar mixer operates in the fundamental mode. It is shown that both of these 

self oscillating mixers can achieve conversion gain in a very narrow band of 

intermediate frequency. Broad band operation also is possible which results in some 

conversion loss. 

Even though the QWITT diode has capability to produce higher power than the 

quantum well diode, for most of applications in the millimeter and sub-millimeter wave 

region, there is still a need for more power. In general, power combining structures 

can be used to combine power generated from several QWTTT diode oscillators. The 

conventional power combining structures are bulky and complicated. It is very 

desirable to design power combiners having simple structures compatible with 



monolithic fabrication. In the fifth chapter, a periodic planar power combining 

structure is introduced Since the periodicity of the structure determines the oscillation 

frequency, there is no need for an external resonator. 

There is always a limit to the frequency at which a solid state oscillator can 

operate. In that limit, the negative resistance of the device becomes so small that it can 

not compensate the resonator's loss. One way to generate millimeter and sub- 

millimeter wave frequencies is to use a negative resistance device as harmonic 

generator. Even though solid state devices do not exhibit negative resistance above a 

certain range of frequencies, because of device nonlinearities, higher harmonics are 

being generated. Through proper circuit design, harmonic generation can be enhanced 

and then filtered out for use. One problem with this method is the low conversion 

efficiency. Here again we can take advantage of different power combining techniques. 

In general at millimeter wave frequencies quasi-optical techniques are preferred since 

guiding structures are lossy. Since the nonlinearity of negative resistance devices is 

maintained at higher harmonics they can also be used as self oscillating harmonic 

mixers. This type of approach can simplify the construction of transceiver modules and 

hence reduce their size and cost 

In Chapter six, a second harmonic quasi-optical power combining structure is 

discussed. Several negative resistance devices are used as harmonic generators. These 

devices are injection locked to each other at the fundamental frequency. Several 

microstrip patch antennas are used to compose an antenna array. Each of the patch 

antennas is integrated with an active element and radiates the second harmonic into 



space. Therefore the second harmonic generated from several devices is combined in 

space. 

Conclusions are given in the seventh chapter. 



CHAPTER 2 

SMALL SIGNAL IMPEDANCE MEASUREMENT OF THE 

QWITT DIODE AND COMPARISON BETWEEN THEORY 

AND EXPERIMENT 

During the past several years, different small signal models for the quantum 

well (QW) and quantum well injection transit time (QWITT) diodes have been 

developed. These models are derived based on theoretical considerations from a solid 

state point of view. There are many advantages that we can gain from experimental 

determination of the small signal impedance of the device. First, different theoretical 

models can be verified and their shortcomings can be investigated. Second, 

information about the small signal impedance of the device can be used for proper 

circuit design. Third, using this information, lumped element models for the device can 

be constructed and parasitics like series resistance which put an upper limit :o operation 

frequency can be identified. This information can help us to determine different 

problems associated with the device fabrication such as large series resistance due to 

ohmic contacts and so on. Therefore determining a reliable model for the device can 

help us to modify the fabrication procedure to make a better device. 

In the past, there have been attempts to model resonant tunneling diodes by 

constructing an equivalent circuit for the device and adjusting the circuit elements until 

the equivalent circuit response matches the data obtained from measurements. These 

equivalent circuit models have required the use of circuit elements that were not 

physically justified [6] and their values were determined merely by curve fitting the 

response of the equivalent circuit model to the experimental data. 



The QWITT diode model developed by Kesan et al. [7], provides a direct 

calculation of the device impedance based only on DC measurements and the 

knowledge of the device structure. To verify this model, small signal impedance 

measurements of several QWITT diodes with drift region lengths of 500, 1000 and 

2000 Ä were performed which are presented in Section 2.2. The calculated data from 

the QWllT diode model are in very good agreement with the measured data. 

2.1-Small Signal QWITT Diode Mode! 

Small signal modeling of the QWITT diode is based on a paper by Kesan et al. 

[7]. The structure that is analyzed is shown in Fig. 2.1. It is assumed that the length 

of the quantum well region (L) is much smaller than the depleted spacer layer W. For 

the small signal analysis the quantum well is characterized by the normalized injection 

conductance a. 

9JQW 

'QW /VO 

C     -'sv^lv. ^ 

JqW is the instantaneous current density and VQW is the instantaneous voltage 

across the quantum well region measured at the DC bias voltage V0 which is also 

applied only across the quantum well region . The impedance of the quantum well 

region as a function of frequency can be calculated by 

ZQW = —L—r (2.2) 
a + jcoe v    * 

where  e' is the effective dielectric constant of the quantum well region. 
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Fig. 2.1   QWITT diode structure. A thick undoped GaAs spacer layer is used 
on the anode side to produce a depletion region of length W, much 
longer than the thickness of the quantum well region L. 



To determine the impedance of the drift region, the electric field across the drift 

region is integrated and then divided by the current through the device. It is assumed 

that electrons travel at their saturation velocity vs across the drift region. The 

impedance of the drift region is given by 

JCÜ6 

I       a     I- e-JQ* 
a+J°3e    j6d   J (2.3) 

where e is the dielectric constant of the drift region, W is the length of the drift region, 

G is the injection conductance of the quantum well and 8d is the drift angle determined 

by 

8d " VT (2.4) 

The total impedance of the QWTTT diode is the sum of the impedance of the 

quantum well and the impedance of the drift region. 

ZQWTTT = ZQW + Zu (2.5) 

Based on the above equations an equivalent circuit for the QWTTT diode which 

is shown in Fig. 2.2 can be drawn. ZQW is the specific impedance and e' is the 

effective dielectric constant of the quantum well. Z„ is the specific impedance of the 

drift region. In general, by knowing the physical dimensions of the structure and the 

DC I-V characteristics, and by using the small signal impedance calculation one can 

determine the values of lumped elements in the equivalent circuit model. 
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The real part of the impedance of the drift region is given by 

2/V£' 

Rtt fa2/       [i. cos IM) + Jft. Sin (fflW)] 
(2.6) 

In order to determine the optimum length of the drift region, W, which yields 

the maximum negative resistance contribution from the drift region at a specific 

frequency of operation, we can solve the equation 3R/9W = 0 [7]. 

By measuring the DC I-V curve of the QWITT diode and knowing the series 

resistance due to ohmic contacts, one can determine the injection conductance of the 

quantum well region, a. This is done through an iterative procedure based on a simple 

depletion approximation [8]. After determining a and by using the physical dimensions 

of the device, one can calculate the impedance of the QWITT diode at microwave 

frequencies. 

We would like to experimentally verify the theoretical results for the impedance 

of the QWITT diode. Also, by comparing the measured small signal RF impedance of 

the QWITT diode with the theoretical calculations, one can determine the value of the 

parasitic series resistance. Having a complete equivalent circuit model for the device 

can help us to predict the upper frequency limit for the negative resistance operation 

which is a figure of performance for the device. 
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2.2-Experiment 

Quantum well devices maintain their negative resistance from DC up to 

microwave and millimeter wave frequencies (depending on the device structure and the 

parasitic series resistance). Impedance measurements in the negative resistance region 

are very difficult. The combination of the device and measurement circuit can act as a 

resonant circuit. If any resonance exists in the broad range of frequencies over which 

the device has negative resistance, parasitic oscillations can occur. Due to the self bias 

condition (because of the parasitic oscillations) and the fact that the impedance of the 

device is a strong function of the RF voltage that appears across it, the impedance 

obtained by measurement can be very different from the true small signal impedance of 

the QWITT diode. 

By looking back at the theoretical expressions for the impedance of the QWITT 

diode (Section 2.1), we can see that the impedance of the device can be calculated both 

in the negative and positive resistance region. The only parameter that determines the 

region of operation is the bias point. In the region of positive resistance, the sign of the 

injection conductance of the quantum well c is positive and in the negative resistance 

region the sign of a is negative. Since, theoretically, we are able to calculate the RF 

impedance of the QWITT diode in the positive resistance region as well as negative 

resistance region, one also can try to perform the RF impedance measurement in the 

positive resistance region to verify the theoretical predictions. In this case there is no 

need to be worried about complications that may arise from performing the 

measurement in the negative resistance region. 
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The impedance measurements were conducted using a HP8510 automatic 

network analyzer. The impedance measurement was performed in the range of 

frequencies from 50 MHz to 30 GHz. The chips that were probed were mesa isolated 

on an n+ substrate. A Design Technique coplanar probe is used to probe a QWITT 

mesa on the substrate. Since the ground plane was on the backside of the substrate, 

silver epoxy was used to extend the backside ground plane into the same plane with the 

device mesas so that the coplanar probes could be used to perform the measurements 

(Fig. 2.3). 

Extension of the ground plane by silver epoxy might introduce some parasitics 

which could alter the true impedance of the device significantly. In order to determine 

the parasitics introduced by silver epoxy and to de-embed them if necessary, some 

ohmic contacts similar to the device structures were probed. The parasitic series 

resistance due to the silver epoxy was determined to be negligible and also no 

appreciable reactive component was observed. Results of a typical measurement of an 

ohmic contact are shown in Fig. 2.4. 

Figure 2.5 shows the cross sectional structure of the QWITT diodes used in this 

study. Three different QWITT diodes with drift region lengths 500 (device A), 1000 

(device B) and 2000 (device C) A were measured. Fig. 2.6 shows the DC I-V curves 

of three devices that were probed. The impedance measurements were performed at 

different bias voltages all in the positive resistance regions. 
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to network analyzer 

coplanar waveguide 
probe 

Fig. 2.3   Impedance measurement using a coplanar probe. The chip ground 
plane is moved to the same plane as device mesas. The output of 
the coplanar probe is connected to an automatic network analyzer. 



14 

»11 Z 
REF   1.0   Unit« 

A 200.0   mUnits/ 
V      1.4246   O        373.66   mfl 

A     MARKER 
10. ß 

START   0.045000000 GHz 
STOP   10.000000000 GHz 

Fig. 2.4  Results obtained from imprdance measurement of an ohmic contact 
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Fig. 2.5   Cross section of QWTTT diode. The length of drift regions for 
devices A, B and C are 500,1000 and 2000 A respectively. 
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Fig. 2.6  DC I-V curves for the QWITT diodes A, B and C 
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2.3-Results 

Comparison between measured and calculated results for several diodes at 

different bias points are shown in Figs. 2.7, 2.8, 2.9 and 2.10. Figure 2.7 and 2.8 

show the measured impedance for device A (500 A drift region) at two different bias 

points in the DC I-V curve. As was mentioned before, at each bias point the DC I-V 

curve, device structure, and a simple depletion approximation are used to find the 

injection conductance a needed for the calculation. A series parasitic resistance is 

added to account for fairly large values of contact resistance (independently estimated to 

be in the mid 10" ^ Q cm^ range). The fit between model and measurement (see for 

example, Figs. 2.9 and 2.10) is quite good for all three device structures, over all the 

bias cases measured. These measurements show that the theoretical model for the 

QWITT diode can predict the small signal RF impedance very well. Also, based on the 

measured and theoretical results the parasitic series resistance associated with each 

device was determined. 

The physical device model which allows us to predict QWITT diode impedance 

can also be used to determine if there is a simple equivalent circuit for the device. 

Using the circuit shown in Fig. 2.11 a simple equivalent circuit consisting of 

frequency-independent circuit elements which fit the calculated impedance quite well 

was found. The circuit contains a series resistor (Rs) which accounts for the ohmic 

contact resistance as well as the bulk resistance. The value of Rs in the equivalent 

circuit is determined independently (based on the estimated contact resistance). Values 

of all the elements except L in the equivalent circuit are determined using the small 

signal model [7] of the device. The capacitor C in the model is the depletion layer 
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Fig. 2.7    Measured and calculated impedance of device A at 0.5 V. The device area is 
52 (im? 
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Fig. 2.9   Measured and calculated impedance of device B at 2 V. The device area is 
52 urn2. 
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Fig. 2.10   Measured and calculated impedance of device C at 2 V. The device area is 
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capacitance for the structure. In parallel with the capacitor is a series resistor/inductor 

combination (see Fig. 2.11). R is simply the overall device differential resistance 

measured from the DC I-V curve, after accounting for contact resistance. The inductive 

element L is a manifestation of space charge effects, and is a simple consequence of 

carrier transport across a depletion region. The value of L is determined by curve 

fitting the response of the lumped element equivalent circuit to measured data. It should 

be noted that the device model is fully classical, and that the inductive element is not 

due to quantum transport effects. The values of equivalent circuit elements for devices 

A, B and C are shown in Table 2.1. 

2.4-Determination of an Upper Limit for the Oscillation Frequency of 

QWITT Diode 

Based on the values obtained for parasitic series resistance of the QWTTT diode 

and the slope of the DC I-V curve in the negative resistance region one can determine 

the impedance of the structure in the negative resistance region as a function of 

frequency. From this the frequency at which the real part of the impedance of the 

device is not negative any more can be determined. Therefore we can find an upper 

limit to the frequency at which a specific QWITT diode can oscillate. Fig. 2.12 shows 

the impedance of the device C when it is biased in the middle of its negative resistance 

region. From the figure, it can be seen that the real part of the impedance of the device 

crosses zero at about 25 GHz; therefore one can be sure that this specific device can not 

oscillate at frequencies higher than 25 GHz. As was mentioned, the series resistance 

due to the ohmic contacts can degrade the performance of the device [4], If we reduce 

the series resistance of the device, Rs, by one order of magnitude, the simulation shows 
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R 
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Fig. 2.11   Equivalent circuit for QWTTT diode, capacitor C is the 
depletion layer capacitance, R is the overall device 
differential resistance, L is due to space charge effects and Rs 
is the parasitic series resistance. 
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that the same device can maintain its negative resistance well above 100 GHz. 

2.5-Discussion  and  Conclusion 

Using small signal analysis of the QWITT diode and the slope of its DC I-V 

curve, the microwave impedance of the device can be calculated. The calculated values 

of the impedance are in close agreement with experimental measurements. The 

theoretical model uses only the DC I-V characteristics of the QWITT diode as well as 

information about the device structure and the parasitic series resistance to predict its 

impedance. Thus, it was confirmed that the small signal RF behavior of QWITT 

diodes is well predicted by the small signal model, which can then be used to determine 

the optimum device structure necessary to maximize its negative resistance. 

The series resistance due to ohmic contacts for several QWITT diodes was 

determined. Due to the large series resistance (10-5 Q. cm2) of the QWITT diodes that 

were tested, one can not expect oscillation frequencies higher than 30 to 40 GHz. 



CHAPTER 3 

QWITT DIODE OSCILLATORS 

SMALL SIGNAL ANALYSIS AND DESIGN 

An oscillator relies on device nonlinearity for operation and is inherently a 

nonlinear system. Due to nonlinear operation, higher-order harmonics are generated 

that affect the frequency of oscillation, the power generated and the efficiency of the 

oscillator. It is only by nonlinear analysis that one can determine the exact frequency of 

operation, the power and efficiency of the oscillator, and the power generated at higher 

harmonics relative to the power generated at the fundamental frequency. However, 

based on some simplifying assumptions, we can perform a small signal analysis of an 

oscillator. By using the small signal analysis, we can design the oscillator circuit and 

optimize its performance. 

In this chapter, some basic concepts concerning the small signal analysis of 

negative resistance oscillators are described. Also, a procedure for small signal 

analysis is explained which makes the oscillator design using existing computer aided 

design tools easier. Then three types of planar QWTTT diode oscillators designed using 

the small signal analysis are presented 

3.1-Negative Resistance Oscillator Design 

The basic analysis of microwave negative resistance oscillators is explained by 

Kurokawa [9]. A microwave oscillator is shown in Fig. 3.1. The circuit consists of a 

nonlinear negative resistance device and a resonance circuit. The impedance of the 

circuit as a function of frequency is expressed by Z(co). The impedance of the device in 

27 
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Nonlinear Device 

Z(co) 

f Resonant Circuit 

Fig. 3.1   Equivalent circuit of a free-running microwave oscillator 
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general is a function of frequency as well as the amplitude of the ac voltage or current 

across or through it. In the following discussion, we assume that the impedance of the 

device is only a function of the amplitude of the ac signal and it is expressed by Z(A). 

This assumption is usually justifiable since the device impedance is a slowly varying 

function of the frequency compared to the circuit impedance Z(o). We assume the 

current 

i(t) = Re[Aeif0* + ♦)] + (small harmonic components) (3.1) 

is flowing in the circuit. We can determine the voltage across the device and the 

resonant circuit. Depending on the device and circuit impedances, the harmonic 

voltages across them may not be negligible. For free running oscillators, the sum of 

the voltages across the device and the circuit must be equal to zero since no external 

voltage is applied. By applying orthogonality between trigonometric functions and 

some algebra, we can obtain the steady state condition for oscillation which is given by: 

Z{co) = -Z(A) (3.2) 

where 

Z(co) = R(Q)) + jX(ü>)   and   Z(A) = R(A) + jX(A) (3.3) 

The oscillation frequency and amplitude are determined by plotting the locus of the 

circuit impedance (called the impedance line) and the locus of the negative of the device 

impedance (called the device line) on the complex impedance plane (Fig. 3.2). The 

point which the device line and the impedance line intersect determines the steady state 

operating point and the amplitude and the frequency of the oscillation can be 
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Fig. 3.2   Impedance locus and device line. The operating point is the point 
of intersection. 



31 

determined. Also Kurokawa derives the condition for the stability of the operating 

point. The intersecting angle measured clockwise from the device line in direction of 

increasing A (see Fig. 3.2) to the impedance line in direction of increasing co must be 

less than 180* for the operating point to be stable. 

Even though the steady state oscillation condition always holds, often there is a 

difficulty in determining the operating point as it was discussed above. This is because 

determining the impedance of the device as a function of the amplitude of voltage across 

it requires a nonlinear model for the device which is not simple and may not be 

available. The first order one port negative resistance oscillator analysis can also be 

performed by an alternate approach utilizing the traveling wave concept and employing 

a reflection coefficient description of the active device and circuit elements [10]. 

Consider a one port active circuit with S parameter Sn connected to a resonant load 

with reflection coefficient T (Fig. 3.3). Note that both Su and T are measured at the 

same reference plane. Suppose a noise signal E is incident on the active circuit port. 

The reflected signal from the active circuit is SnE. This signal is incident on the port 

of the resonant load and re-reflected back. The re-reflected signal from the resonant 

load is given by SnEr which will again be incident on the input of the active device. 

These reflections add up to give an infinite series. The steady state condition for 

oscillation is given by: 

sur = 1 (3-4) 

This approach is more compatible with computer aided microwave circuit design 

because all the information is generally expressed in terms of reflection coefficients. 
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SnEr 
S11E 

Fig. 3.3   An oscillator as a reflection amplifier 
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In general in oscillator design we are not as much interested in knowing the 

exact amplitude of the oscillation as maximizing the output power by proper circuit 

design. Also we often have only information about the small signal behavior of the 

negative resistance device. Therefore by using some simplifying assumptions we can 

perform the oscillator design based on the small signal model for the negative resistance 

element 

As a first approximation we assume the frequency dependence of the negative 

resistance device can be neglected. As it was mentioned this is valid only for a small 

range of frequencies depending on the type of the negative resistance device. In the 

range of the frequencies where the above assumption is valid, the negative resistance 

device may be characterized by a cubic function relating instantaneous current to 

instantaneous voltage across the device. This relation is given by 

I = aiV + a2V2 + a3V
3 (3.5) 

For a negative resistance device at is a negative number. The effect of the term a2V
2 is 

to shift the I-V characteristic to an unsymmetric point. For analysis of fundamental 

mode oscillation we set the quadratic term to zero. This type of I-V characteristic was 

first used by Van der Pol (where a2 = 0) in his classic work on nonlinear oscillators 

[11]. It should be mentioned that this approximation is not a static property of the 

active device (it need not be valid for DC), but it means that the device at a certain 

frequency presents negative resistance and can generate oscillations which are limited in 

amplitude. Even though this model is used to describe the dynamic behavior of devices 
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like Gunn diodes and MESFETs, it is even more realistic for tunnel, quantum well and 

QWTTT diodes since these elements exhibit static characteristics (DC I-V curves) very 

similar to the one described by Eq. 3.5. The value of aj is taken as the small signal 

negative conductance of the device and a3 is chosen such that the highest generated 

power should be equal to the highest available power of the diode [12]. The dynamic 

conductance of the device is determined by differentiating Eq. 3.5; which gives: 

G = at + 3a3V
2 (3.6) 

In the above equation, we define the small signal conductance G0 of the 

negative resistance device as G0 = a^ We can assume a voltage V =V2"Vocos cot 

appears across the device terminals. This is based on the assumption that all the higher 

harmonics are negligible. The power generated can be calculated as the period average 

of the voltage-current product. Based on the expression for the power we can define an 

RMS negative conductance for the device [12]. After satisfying the condition for 

steady state oscillation and maximizing the power expression, we can determine the 

condition for maximum power generation relating the load conductance GL to the small 

signal negative conductance of the device G0. This condition is given by 

GL = ^|GO| (3>7) 

which means highest power is obtained when the load conductance is equal to half of 

the small signal negative conductance of the device. Of course at the oscillation 

frequency the sum of the imaginary parts of the circuit and the device impedance should 

be zero. 
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3.2-Design of Planar QWITT Diode Oscillators 

Based on the discussions in Chapter 3.1 and using the small signal impedance 

of the QWITT diode obtained from the theoretical model (explained in Section 2.1), 

several planar QWITT diode oscillators were designed. The microwave circuit design 

was performed based on the small signal oscillator circuit design and by using 

Touchstone™ microwave CAD program available form EEsof Corporation of Westlake 

Village, CA. 

A planar QWITT diode oscillator is shown in Fig. 3.4. The circuit is fabricated 

on a woven Teflon™ substrate with a dielectric constant of 2.5. The substrate 

thickness is 32 mils. The chip containing QWITT diodes is contacted to the ground 

plane of the substrate by using silver paint. A single QWITT diode is connected to the 

microstrip line circuit through a whisker contact. The whisker is made of gold-plated 

phosphor-bronze and has a diameter of 0.5 mil. The whisker is modeled as a small 

inductor in series with the device. The whisker is connected to a microstrip line which 

moves the impedance of the QWITT and that of the whisker to a point on the real axis 

of the Smith chart. The second piece of the microstrip line is a quarter wave 

.transformer which matches this point to a resistive load for maximum power 

generation. The entire circuit can act as a parallel resonant structure. Since the 

structure is parallel resonant, the condition for start up oscillation is satisfied when the 

small signal negative conductance of the device is larger than the load conductance and 

the condition for the maximum power transfer is that the conductance of the load should 

be half of the small signal negative conductance of the diode (GL=1/2|GO|).   The 



36 

DC bias 

device 
chip # 

1 whisker 

RF output 

ER = 2.55     H = 33 mils     T= 1.4 mils 

Fig. 3.4   A planar QWITT diode oscillator 
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microstrip line structure is connected through a DC blocking capacitor to an SMA 

connector. The structure is biased through a bias filter. 

A very important part of the QWITT diode oscillator design is the biasing 

scheme. Since the device maintains its negative resistance from DC to microwave 

frequencies, parasitic oscillations can occur at any point were there is a resonance in the 

bias line. Since, in general, the Q of a resonant structure is higher at lower frequencies, 

the circuit has a tendency to oscillate at lower resonance frequencies rather than at the 

desirable frequency of oscillation. Therefore, in order to prevent any bias line 

oscillation, the biasing structure should be made very lossy. This can be done by 

loading the bias line structure using resistive elements. Some by-pass capacitors can 

also be used to short out the parasitic oscillations at lower frequencies. 

Fig. 3.5 shows another type of planar QWITT diode oscillator. A QWITT 

diode is connected to a half-wave microstrip resonator via a whisker contact. The 

frequency of oscillation is basically determined by the half-wave resonator. The output 

of the structure is connected through a bias tee to a triple stub tuner. The function of 

the stub tuner is to maximize the power generated from the device by matching the 

device impedance to 50 ohms. 

3.3-Experimental Results for Planar QWITT Diode Oscillators 

The heterostructures used in this study were grown in a Varian GEN II MBE 

system on n+ GaAs substrates. A schematic diagram of the device structures used is 

shown in Fig. 3.6. Three QWITT device structures, A, B and C, consisting of 

identical quantum well regions but with three different n- GaAs drift regions lengths of 
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QWITT diode 

stub tuner 
to power meter or 
spectrum analyzer 

Fig. 3.5   A planar QWITT diode oscillator using a microstrip half wave resonator 
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0.5 Hmn+ GaAs 

100 Ä1x1017cm"3GaAs 
16     -3 100A1X10   cmi GaAs 

50 A undoped   GaAs 
17 A AlAs barrier 
50 A GaAs well 
17 A AlAs barrier 

50 A undoped   GaAs K500A,1000A 
5x1016crri3 doped GaAs   and 200Q A 

n   GaAs buffer V 
n   GaAs substrate 

Fig. 3.6  Cross section of the QWTTT diode structures A, B and C 
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500, 1000 and 2000 A, respectively, were examined [13]. A maximum depletion 

region length of 2000 A was chosen, since that corresponds to the optimum length of 

the drift region for 10 GHz operation based on the small signal model for the QWITT 

diode [7]. The quantum well regions consisted of a 50 A GaAs layer sandwiched 

between two AlAs layers 17 A thick. The AlAs barrier layers were kept thin to increase 

the current density through the device. Device diameters were typically 4-8 Jim, 

corresponding to a device area of 1.25-5xl0~7 cxrr2. Continuous and pulsed DC 

current-voltage characteristics at room temperature were measured. The room 

temperature DC I-V curves of devices A and C are shown in Fig. 3.7. Based on the I- 

V curve and device structures, the small signal impedances of the devices were 

calculated. 

For QWITT devices containing a uniformly doped depletion region, the large 

signal model [8] indicates that the electric field in this region is of the order of 100 

kV/cm. For GaAs, electric fields around 3-10 kV/cm are sufficient to have carrier 

velocities around 107 cm/s. Hence, a doping spike at the beginning of the drift region 

could be introduced so that the electric field in the GaAs drift region is reduced, and yet 

the entire drift region is fully depleted. This should result in a reduction in the DC bias 

across the device and hence improve the DC-to-RF conversion efficiency. Since the, 

entire drift region is still depleted, the voltage swing between peak and valley would 

remain the same. Fig. 3.8 shows the schematic of the device structures, D through G, 

examined in this study. The room temperature DC I-V curves for devices D and E are 

shown in Fig. 3.9. 
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Fig. 3.7   Room-temperature DC I-V curves for QWITT devices A and C with 
500 A and 2000Ä depletion region lengths respectively. 
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Fig. 3.8   Cross section of the QWTTT diode structures with a doping spike, 
D through through G. 
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Fig. 3.9   Room temperature DC I-V curves for QWITT devices D and E with a 
Si doping spike of 5x10  cm 3and IxKr'cm"3, respectively. 
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The microwave performance of different QWITT diode structures, A through G 

is summarized in tables 3.1 and 3.II. From the first planar structure described in 

Section 3.2, a maximum power of 1 mW was obtained [14]. This corresponds to an 

output power density of 3.5-5.0 kW/cm2 for a device area of 2-3.5xl0"7 cm2 (5-6 |im 

in diameter). This result is the highest output power obtained from any quantum well 

oscillator at any frequency and shows approximately five times higher power and two 

to three times higher output power density than reported in the literature [15] for a 

comparable frequency. These results also represent the first planar circuit 

implementation of a quantum well oscillator. 

In devices D through G (see Fig. 3.7) a doping spike was introduced at the 

beginning of the drift region to reduce the electric field and thus decrease the DC bias 

voltage. By optimizing the doping concentration of the doping spike, an increase in 

efficiency from 3 to 5 percent has been obtained, without compromising the output 

power at X-band. It is clear that there is considerable room for optimization of both the 

device and circuit, to maximize RF output 

The planar circuit shown in Fig. 3.5 was also tried. By adjusting the size of the 

half-wave resonator the frequency of the oscillation was adjusted, and the output power 

was maximized by adjusting the stub tuner. At 15 GHz, the maximum power was -6 

dBm and at 19 GHz, the maximum power was approximately -12.8 dBm. Compared 

to results of harmonic balance analysis of a QWITT diode oscillator [16], the power 

levels that we have obtained so far are much smaller than predicted values. Part of the 

problem is caused by the large series resistance of our QWITT devices due to the 
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ohmic contacts (as was mentioned in Chapter 2, the series resistance for diodes with an 

area of about 50 |im2 is 60 ohms.). 

In some cases when the bias line oscillation was not prevented, low frequency 

oscillations (as low as several MHz) were observed. Due to the nonlinearity of the 

device, higher order harmonics were also generated. For example, in one case, as 

shown in Figs. 3.10a and 3.10b, the fundamental frequency of oscillation was 30 

MHz. Higher order harmonics up to 7 GHz were detected using a spectrum analyzer. 

As shown in the photograph taken from the spectrum analyzer's screen, more than 200 

spectral lines are present. The separation between each two of them is 30 MHz (Fig. 

3.11). Based on these observations, it seems that the QWTTT diode has a potential to 

be used as a very broad band microwave comb generator. It seems that the higher 

harmonics generated are not merely due to the nonlinearity of the device, because if this 

was the case the power of the harmonics would be roughly proportional to the inverse 

square of frequency. Besides the nonlinearity of device itself, another reason for a 

large harmonic content is relaxation type oscillations. 

3.4-Attempts to Design a 94 GHz QWITT Diode Oscillator 

A planar QWITT diode oscillator at 94 GHz was also designed. The planar 

circuit is shown in Fig. 3.12a. A QWITT diode is whisker contacted to a half-wave 

microstrip resonator which determines the frequency of oscillation. The device is 

biased through a low-pass filter. The structure is connected to an antipodal finline 

transition through a wide band DC block. The function of the finline transition is to 

convert energy from the microstrip mode to the waveguide mode. The planar structure 

is inserted in the E-plane of a W-band waveguide (Fig, 312b). Unfortunately, as we 
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Figs. 3.10a and 3.1 Ob  Spectrum analyzer display of a QWITT diode 
relaxation oscillator 
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Fig. 3.11   Zoomed display, harmonics are separated by 30 MHz 
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Fig. 3.12  a) A planar W-band QWITT diode oscillator 
b) The structure is inserted in the E-plane o( a W-band waveguide 
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expected, mainly due to the large parasitic series resistance of the QWITT diodes 

(Chapter 2), no oscillation around 94 GHz was detected. The structure oscillated at 

about 5 GHz which could be detected through the bias line. This parasitic oscillation 

could have been due to a resonance in the bias line or due to the parasitics introduced by 

the whisker contact 

3.5-Conclusion 

In this chapter, experimental results obtained from several QWITT diode 

oscillators were presented. A peak output power of 1 mW, corresponding to an output 

power density of 3.5-5 kW/cm2, in the frequency range of 5-8 GHz has been obtained. 

This is the highest output power obtained from any quantum well oscillator at any 

frequency and provides approximately five times higher power and two to three times 

higher output power density than reported in the literature for a comparable frequency. 

This result also represents the first planar circuit implementation of a quantum well 

oscillator. 



CHAPTER 4 

SELF OSCILLATING QWITT DIODE MIXERS 

In the I-V curve's negative resistance region, the quantum well and the QWTTT 

diode's dynamic conductances are strong functions of the AC signal across them. 

Therefore, quantum well and QWITT diodes are expected to be useful as good 

performance mixers. Ordinary mixers using nonlinear devices like Schottky diodes 

have some conversion loss. Devices like quantum wells and QWITT diodes are 

nonlinear negative resistance elements and can be used as self oscillating mixers. Due 

to the presence of negative resistance, self oscillating mixers are expected to have some 

conversion gain. 

In this chapter experimental results using the QWITT diode as an X-band self 

oscillating mixer operating in both waveguide and planar circuits are presented. The 

waveguide mixer operates in the third harmonic conversion mode while the planar 

mixer operates as a fundamental mode mi. \ The waveguide mixer circuit can either 

be tuned to have a narrow intermediate frequency (IF) bandwidth with a conversion 

gain of about 10 dB or to have a broad IF bandwidth with a conversion loss of about 4 

dB. The planar mixer exhibits a narrow-band conversion gain of 4 dB or a broad-band 

conversion loss of 8 dB. These are the first experimental results showing conversion 

gain from a self oscillating mixer using a quantum well diode. 

4.1-Basic Mixer Theory 

To simplify the problem, it is assumed that mixing is caused only by a nonlinear 

resistor. For small signal analysis, it is assumed that the local oscillator (LO) power is 

52 
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much larger than the RF power injected into the resistive mixer. Therefore, the 

dynamic conductance of the device can be determined by analyzing the interaction 

between LO signal and the diode. The device nonlinear I-V characteristic is represented 

as a relationship between the current and voltage: 

i = «(v) (4.1) 

Due to device nonlinearity, the LO voltage across the diode is not sinusoidal. 

The LO signal can be represented by its Fourier series as: 

v(t)=   X   vmeJmCüot (4>2) 

where co0 is the fundamental LO frequency. The values of vm are obtained by 

performing a nonlinear analysis. We can determine the time dependent conductance of 

the device, g(t), resulting from the mixer being pumped by the LO signal. g(t) can be 

represented by its Fourier series: 

n = - 

If a RF signal with a small amplitude vs and frequency cos is applied across the 

diode we can determine the output current: 

i(t) = g(t)vseJ^=X   gnVsei<nö* + <** 
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Ordinarily the -o\) + cos term is filtered out for use as the intermediate frequency 

(IF). From Eq. 4.4 the conversion loss of the mixer can be determined. The above 

analysis can also be applied to self-oscillating mixers since it only requires the actual 

LO voltage across the device. 

Also, by considering the dynamic I-V characteristic of the QWITT diode, one 

can conclude the following statements. If the diode is biased in the middle of the 

negative resistance region where the I-V curve is antisymmetric, the diode's dynamic 

conductance can be represented by a second order polynomial. The Fourier series of 

the time varying conductance has large components at the even harmonics of the 

oscillation frequency. In this case, the self oscillating QWTTT diode mixer has its 

highest conversion efficiency in the second harmonic mode of operation. The 

fundamental mode of mixing will have its highest efficiency when the device is biased 

at the point where the I-V curve has its highest curvature [15]. 

4.2-Experimental Results and Discussion 

A schematic diagram of the QWITT diode structures examined in this study is 

shown in Fig. 3.6. In the waveguide circuit the QWITT diode is mounted on a 

micrometer controlled post which is in electrical contact with the waveguide walls. The 

DC bias is provided using a whisker contact which is connected to a metallic post inside 

the waveguide. An E/H plane tuner is used to minimize RF reflection and improve the 

conversion efficiency. The sliding short in the waveguide can also be adjusted to 

improve the conversion efficiency. The waveguide circuit operated as a harmonic 

mixer, since the fundamental frequency of oscillation of the QWITT was about 3 GHz, 
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due to a resonance in the bias line circuit. A schematic diagram of the waveguide 

harmonic mixer is shown in Fig 4.1. The RF source is isolated from the self- 

oscillating mixer circuit using an isolator. The isolator is used to prevent the LO signal 

from going into the RF source. The RF signal is mixed down with the third harmonic 

of the LO. The IF signal is monitored through a low-pass filter and bias tee external to 

the waveguide mount. The low-pass filter is used to prevent any high frequency 

components from reaching the IF line. The bias line resonance was primarily due to 

parasitics in the whisker mount, since the external filter and bias tee network had very 

little influence on the fundamental oscillation of the QWITT diode. In addition, since 

the fundamental frequency is below the waveguide's cut off frequency, the effect of the 

E/H plane tuner and the back short on the oscillation was slight. 

By adjusting the E/H plane tuner, the back short, and the bias voltage, 5 to 12 

dB of conversion gain with an IF bandwidth of 10-20 MHz has been achieved. This 

conversion gain can be obtained over RF frequencies between 8 and 10 GHz by 

retuning the back short, the E/H plane tuner and the bias voltage. The IF frequencies 

can be in the range approximately from 50 MHz to 1 GHz (see Fig. 4.2), The LO 

frequency also varies with DC bias voltage, which is reflected in the changes of the IF. 

Broad-band operation (IF bandwidth greater than 100 MHz) is also achievable 

by tuning the mixer as mentioned above. In this mode of operation, conversion loss of 

about 5 ± 2 dB is observed over the entire IF bandwidth (Fig. 4.3). In all the above 

cases, the RF power injected is about -55 dBm and the power at the third harmonic of 

the fundamental QWITT oscillation is about -15 dBm.  Devices with different drift 
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Fig. 4.3   Photograph of broadband IF signal. The spectrum analyzer 
screen is set to storage mode. The IF variation is between 2 
to 100 MHz and its power fluctuation is about ± 2 dB. The 
RF power injected was «49 dBm centered at 9.3 GHz. 
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region lengths from 500 Ä to 2000 A have been examined; conversion gain has been 

obtained only from the 2000 A drift region device. 

The planar self oscillating mixer uses a microstrip resonant circuit (Fig. 4.4), 

identical to that used for the oscillator experiments [17], and operates in the 

fundamental conversion mode. No external tuning elements were used with this 

circuit. Here the fundamental oscillation frequency of the QWITT is about 10 GHz. 

The author was able to obtain conversion gains of about 4 dB over a narrow bandwidth 

of 10-20 MHz, where only the DC bias was varied to maximize conversion efficiency. 

For other DC biases, larger bandwidths (40-200 MHz) could be obtained with 

conversion loss of about 10 ± 1.5 dB over the entire band. The RF power injected here 

was about -45 dBm and LO power was about -3 dBm. 

Using a spectrum analyzer for absolute power measurement and assuming that 

the spectrum analyzer itself does not contribute to noise, an attempt was made to 

estimate an upper bound for the noise figure of the self oscillating mixer. The noise 

figure of the waveguide mixer, at an IF frequency of 100 MHz where conversion gain 

was about 8.6 dB, was estimated to be about 15.5 dB (corresponding to a noise 

temperature of about 9710 *K). 

4.3-Conclusion 

It was demonstrated that self oscillating QWITT diode mixers have the ability to 

produce conversion gain at X-band. The waveguide mixer exhibits a conversion gain 

of about 10 dB in a narrow bandwidth, and a conversion loss of about 5 dB if broad- 

band operation is desired. The planar mixer circuit exhibits a narrow-band conversion 
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gain of 4 dB or a broad-band conversion loss of 10 dB. As was mentioned, the highest 

efficiency from a quantum well mixer is obtained (if it is biased in the middle of the 

negative resistance region) when it operates in second harmonic conversion mode. 

Therefore, there is considerable room for optimization in both device and circuit design 

and it is conceivable that even better RF performance may be obtained in the future. 



CHAPTER 5 

A PERIODIC POWER COMBINING STRUCTURE 

The power produced from millimeter v. ive sources drops drastically as their 

frequency of operation increases. In spite of the fact that devices like resonant 

tunneling diodes maintain their negative resistance up to THz, they are very low power 

devices. This was indeed the motivation behind the introduction of QWITT diode. 

When the QWITT is compared to devices like the IMP ATT, the power it generates is 

still small, even though the QWITT diode has the potential to operate at higher 

frequencies. Based on the above discussion, there is a strong need for techniques to 

combine power from several millimeter wave generators to achieve higher powers. 

There has been extensive research conducted in the area of power combining 

techniques. A summary of different techniques is given by Chang and Sun [18]. 

Classical power combining techniques were developed in waveguide cavities [19]. 

These types of power combining structures are not very useful in the millimeter wave 

region due to the fact that the dimensions of the waveguide cavity become very small 

and therefore the number of devices that can be power combined is limited. Also these 

types of power combining structures are very bulky when compared to the planar 

structures and therefore are not suited for space applications. It is desirable to design a 

simple planar power combining oscillator convenient for monolithic fabrication. One 

way to achieve this goal is through distributed oscillators which allow power 

combining of several negative resistance devices [20, 21]. In this method, negative 

resistance devices are inserted periodically one half wavelength apart in a planar 

transmission line structure like parallel plate waveguide or mWostrip line. This makes 
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the use of external resonator circuits unnecessary and the design of monolithic circuit 

easier. In order to demonstrate this method several Gunn devices were used, because 

Gunn diodes are available in package form and are well characterized. The results of 

several distributed power combining Gunn diode oscillators are presented here. In 

some of the cases, power combining efficiencies larger than 100% are obtained. 

5.1-Theory 

A distributed power combining oscillator is shown in Fig. 5.1. A transmission 

line with the characteristic admittance Y0 is loaded periodically with admittances YP 

each separated by a distance "d". The admittance YP is the sum of the admittance of the 

active device and all the parasitics due to discontinuities. Using a simple admittance 

transformation, we can calculate the admittance Y^ as a function of frequency [22]. 

The frequency at which the imaginary part of the Y^ goes to zero is the resonance 

frequency of the structure (Fig. 5.2). To satisfy the oscillation condition, the value of 

the termination conductance GL should be equal to -Real(Yin) at the resonance 

frequency. If YP contains only a real part, the periodicity of the structure will be equal 

to a half wavelength at the oscillation frequency (d = A/2). Since in this case the diodes 

are separated by a half wavelength, they are effectively in parallel. Therefore, all of 

them see the same impedance and operate at the same operating point. To counter- 

balance the reactive part of the admittances YPt several shunt inductive stubs can be 

used (it is assumed that the reactive component of the admittance is capacitive) (Fig. 

5.3). The shunt inductive stubs compensate the reactive component of the diodes' 

impedance at the oscillation frequency.   Of course, a single stub at the end of the 
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osc 
Frequency 

Fig. 5.2   At the oscillation frequency the imaginary part of the admittance 
seen by looking in to the periodic structure becomes zero. 
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structure could also be used to tune out the total capacitance of all the diodes, but in that 

case, the circuit would be very sensitive to the dimensions of the stub. It should be 

noted that if the distance between active elements is chosen not to be equal to a half 

wavelength at the desired oscillation frequency, then even though the oscillation 

condition can be satisfied (by choosing a proper termination), efficient power 

combining can not be obtained (in the worst case, no power combining would be 

achieved). This is because the operating condition for different devices would be 

different (since the impedance that each device sees would be different) and some active 

elements would load the power generated by the others. 

5.2-Large Signal Impedance Determination 

For an accurate design, the large signal impedance of the negative resistance 

device at the desired oscillation frequency should first be determined. To satisfy the 

steady state condition for oscillation, the impedance of the passive circuit seen from the 

active device's port should be equal to negative of the large signal impedance of the 

device. Therefore, by measuring the impedance of an oscillator circuit seen by the 

active device (after removing the device) the large signal impedance of the device at the 

frequency and amplitude of oscillation can be determined. In this experiment, Gunn 

diodes capable of producing about 10 mW when biased at 8 volts with an efficiency of 

about 1.2% are used. To measure the large signal impedance, one can construct a test 

oscillator circuit by connecting a single Gunn diode to a half wave microstrip line 

resonator (Fig. 5.4). The half wave resonator determines the oscillation frequency. 

The output of this test structure is connected to a triple stub tuner. After biasing the 

circuit, the stub tuner is adjusted to obtain the maximum power from the oscillator. The 
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maximum power in this case was is obtained at about 10.5 GHz. Then we disconnect 

the diode and insert a coaxial cable in its place without disturbing the rest of the circuit. 

The impedance at the far end of the coax is measured; afterward, the plane of reference 

is moved to the diode end of the coax. The large signal impedance of the Gunn diode is 

the negative of the impedance measured. Using this large signal impedance 

measurement and assuming that the equivalent circuit of the diode consists of a negative 

resistance in parallel with a capacitance, the values of the negative resistance and the 

shunt capacitance can be determined. Fig. 5.5 shows the large signal equivalent circuit 

for a packaged Gunn diode at 10.5 GHz when the diode is biased at 8 volts. It should 

be remembered that this equivalent circuit is valid only at the oscillation frequency. 

5.3-Design  Procedure 

After the large signal impedance determination of the device at a certain 

frequency, one can attempt to design the circuit In general, if we design a circuit such 

that it provides each Gunn diode the same impedance that was measured using the test 

oscillator and if we bias the devices at the same voltage, then the diodes should operate 

under the same condition as the test oscillator. Therefore, the frequency and the power 

generated from each diode should also be the same. One should note that the stability 

condition for the new circuit designed based on the large signal analysis can be different 

from the test oscillator circuit. This is because the stability condition depends on the 

slope of intersection of the device and circuit line (refer to Chapter 3). Even though the 

operating point of the test oscillator and the new circuit designed based on the large 

signal impedance is the same (the point of intersection of the device and circuit lines is 

the same), the stability condition may be different. 
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Refering to Fig. 5.5, since we have already determined the value of the diode's 

capacitance, we can design shunt stubs such that they compensate the capacitance of 

each diode. What we are left with are several negative resistances periodically spaced 

by X/2. It can be shown that the impedance each diode sees is the same as the negative 

of the large signal impedance we measured if the periodic structure is terminated 

properly. For an N diode oscillator, the proper termination impedance is 1/N times the 

negative of the resistance of a single diode. The proper termination impedance can be 

transformed to 50 ohms using a quarter-wave transformer. As the number of the 

diodes increases the value of the proper termination which satisfies the oscillation 

condition decreases. Impedance matching between the proper termination and 50 ohms 

can put a limit to the number of the diodes that can be used in the periodic structure. 

The maximum number of diodes that can be used to get a high power combining 

efficiency depends on the type of the diode (its large signal impedance) and the 

characteristics of the substrate and the transmission line. Figure 5.6 shows a drawing 

of the three-diode power combiner. 

5.4-Experiment and Results 

Based on the large signal impedance of the Gunn diodes, two, three, five and 

six-diode power combining oscillators were designed and constructed. The structures 

were fabricated on a woven Teflon™ substrate with a dielectric constant of 2.5 and 

thickness of 32 mils. The structures were biased using a bias tee connected to their 

output terminals. After a 10 second warm up period, the Gunn oscillators injection 

lock to each other . When phase locking is achieved, the output power can be 

maximized by fine adjustment of the bias voltage. Injection locking was maintained in 
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spite of large variations in the bias voltage. For example, in the case of the five-diode 

power combiner, bias voltage variations greater than ±2 volts were required to cause 

the oscillators to lose phase lock. It should be pointed out that the diodes were not 

selected to have matched characteristics. Using a power meter it was observed that the 

output power was maximum if all the Gunn oscillators were injection locked together. 

The one-diode planar oscillator produced maximum power of about 10.47 mW 

at 10.5 GHz with an efficiency of about 1.2%. Results obtained from different power 

combining structures are shown in Table 5.1. The radiation from all the combiners was 

at least 17 dB below the power absorbed by the load. Except in the case of the six- 

diode power combiner, combining efficiencies were all more than 100 %. This is 

believed to be due to the fact that better matching to 50 ohms was achieved compared to 

the single Gunn diode oscillator. The maximum power combining efficiency was 

obtained from the three diode power combiner. This is what one expects to observe. 

Looking at the equivalent circuit for the Gunn diode we see that the value of the 

negative resistance is -147 Q. In the case of the three diode combiner, three diodes are 

in parallel and the termination resistance which satisfies the oscillation condition is 

about 50 ft. This means that there is no need for a quarter-wave transformer for 

impedance matching and therefore the power combining efficiency is maximum since 

we can avoid losses that could be introduced by the matching circuit. 

The dependence of the oscillation frequency on the bias voltage was 

investigated. The results are shown in Fig. 5.7. In general it seems that the dependence 

of the oscillation frequency on the bias voltage is not a function of the number of diodes 

in the structure. 
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Fig. 5.7   Variation of the oscillation frequency with bias voltage. 
Also , the power generated by a two-diode combiner as a 
function of bias voltage is shown. 
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The second harmonic generated by the combiners was also investigated. For 

the single Gunn diode oscillator the second harmonic was 21 dB below the 

fundamental. In the case of two, three, five and six-diode combiners the second 

harmonic was 18.5, 16, 23.3, and 15 dB below the fundamental. 

5.5-Conclusion 

In this chapter, a simple method of power combining was introduced. In this 

technique, the periodicity of the structure determines the oscillation frequency, therefore 

eliminating the need for an external resonator. Consequently, the simplicity of the 

structure makes it compatible with monolithic fabrication. This structure can be used to 

combine power generated from several QWTTT diode oscillators. 

Using low power Gunn diodes, two, three, five and six-diode distributed 

power combining oscillators in the X-band were designed and fabrica:cd. The 

generated powers for the case of the two, three, five, and six-diode combiners were 

2.4, 3.8, 6.1 and 5.4 times the power produced by a single diode oscillator, 

respectively. The frequency dependence of all the power combiners on the bias voltage 

variation seemed to be independent of the number of the diodes. It was observed that, 

when injection locking was achieved, it was maintained over relatively large variations 

of the bias voltage. 



CHAPTER 6 

SECOND HARMONIC QUASI-OPTICAL 

POWER COMBINERS AND TRANSCEIVERS 

At millimeter and sub-millimeter wave frequencies, solid state devices have 

limited capability to produce microwave energy. At these frequency ranges, the 

efficiency of solid state devices drops dramatically. In order to obtain higher power, it 

is very desirable to combine the power generated from many single solid state 

oscillators [18]. In addition, there is always a limit to the frequency at which a solid 

state oscillator can operate. In that limit, the negative resistance of the device becomes 

so small that it can not compensate the resonator's loss. In this case power combining 

alone can not help. One way to generate millimeter and sub-millimeter wave 

frequencies is to use two terminal solid-state devices as harmonic generators. Even 

though solid state devices do not exhibit negative resistance above a certain range of 

frequencies, because of device nonlinearities, higher harmonics are being generated. 

Through proper circuit design, harmonic generation can be enhanced and then filtered 

out for use. One problem with this method is the low conversion efficiency. Here 

again we can take advantage of different power combining techniques [23]. In general, 

at millimeter wave frequencies spatial power combining techniques are preferred since 

guiding structures are lossy [24]. Since the nonlinearity of negative resistance devices 

is maintained at higher harmonics, they can also be used as self-oscillating harmonic 

mixers. This type of approach can simplify the construction of transceiver modules and 

hence reduce their size and cost. 

77 



78 

In this chapter, for the first time, a periodic second harmonic spatial power 

combining structure is discussed. A periodic structure designed for fundamental power 

combining is described in Chapter 5 [25]. The present circuit takes advantage of the 

periodicity of the structure to determine the frequency of oscillation and consequently 

the frequency of the second harmonic. In this method, phase locking :s accomplished 

without using an external resonator such as a Fabry-Perot resonator [26, 27]. 

Therefore, this circuit is planar and suitable for use in monolithic integrated circuits. 

Since the fundamental frequencies are phase locked to each other, and assuming that all 

the devices are similar, the second harmonics generated should have the same phase. 

An antenna array can be designed to radiate at only the desirable harmonic frequency. 

Also, a modified version of the circuit which acts as a second harmonic quasi-optical 

transceiver is presented. In this experiment, an array of microstrip patch antennas is 

used for transmitting and receiving purposes. For receiving, the received RF power 

from the antenna array is mixed down with the second harmonic generated from the 

Gunn devices. The IF power output is through a lowpass filter. 

6.1-Theory 

Simulation of the second haimonic generation was considered by Solbach [28]. 

As was also discussed in Chapter 2, the current-voltage relationship for the active 

device can be described by a power series. 

I = aiV + a2V2 + a3V3 (6-D 

Also, it is mentioned in Chapter 2 that the linear coefficient at has to be a 

negative number for a negative resistance device and it represents the small signal 
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negative conductance of the active element. The value of the cubic term a3 is 

determined by the maximum available power from the device. The inclusion of 

quadratic term shifts the I-V curve to an unsymmetric point which affects the harmonic 

generation. The model used to describe the second harmonic operation of a negative 

resistance device like a Gunn diode is shown in Fig. 6.1. A frequency multiplexing 

network represents the fundamental as well as second harmonic behavior of a second 

harmonic generator. The circuit is divided into two parts. One is the resonator circuit 

which determines the fundamental frequency of oscillation and the second part 

represents the load that appears across the diode's terminals at the second harmonic. 

Steady state analysis of such a circuit is described in the following. 

We assume that the voltage across the active device contains only fundamental 

and second harmonic components and all the higher harmonics are set to zero. 

V = v^-J™ + v2e-JVi2c,x (6.2) 

The phase difference between the fundamental and the second harmonic voltage is 

represented by <]>. By substituting the above equation into Eq. 6.1, we can calculate the 

current through the active device. All the harmonics higher than second are neglected. 

1*1 = aiV! + a^-p- +   ^y   ) + a2V!V2cos § + jaiv^sin <)> (6.3) 

|3v5    3v2v2\       v?        .        v] .   . 
h = aiv2 + dL3\-^' + —2    J + a2 2 cos♦ -Ja22 Sin* <6-4) 
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In the harmonic generator circuit (Fig. 6.1) the following two nodal 

equations should be satisfied: 

Ii+Vf^-O (6.5) 

I2 + V2Y2 = 0 (6.6) 

The fundamental mode oscillator can be analyzed by letting Y2 = <». From 

solving Eq. 6.5 we can determine the frequency of oscillation (co = 1//CC) and the 

relation between the output power and the load conductance which is discussed in 

Chapter 2. 

To analyze the second harmonic mode of operation we let Gt = 0. This means 

no power is dissipated at the fundamental frequency (in order to maximize the 

efficiency in the harmonic generation mode it is desirable not to have any power 

dissipation at the fundamental frequency). From Eqs. 6.3, 6.4, 6.5 and 6.6 we can get 

a! + a2v2cos $ + ^[^ + -rpj + ja2v2sin $ + j(coC - -U = 0 (6.7) 

v? /3v?    3v?\ v? 
ai + a2^-cos <(> + a^-jZ- + -^J + Ja2^psin ♦ + Y2 = ° (6.8) 

To facilitate our discussion and also for second harmonic power combining purposes (it 

will be clear in the next section), we let the load at the second harmonic be purely real 

Y2 = G2. This implies that sin<|> = 0 (from Eq. 6.8). This means that there is no phase 

difference between the fundamental and second harmonic voltages. Also from Eq. 6.7 

we can see that the oscillation frequency is determined by the fundamental mode 

oscillator circuit (co = 1//EÜ). 
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6.2-Circuit  Description 

The periodic second harmonic spatial power combining oscillator is shown in 

Fig. 6.2. A microstrip transmission line is loaded periodically with four Gunn diodes 

with a distance equal to approximately a half guide wavelength at the fundamental 

frequency of oscillation (fj). The line dispersion is neglected and it is assumed that the 

guided wavelength at the fundamental frequency (Xgl) is equal to twice the guided 

wavelength at the second harmonic (Xg2). The voltage waveforms across the power 

combining structure at the fundamental and the second harmonic are shown in Fig. 6.3. 

It is assumed that the diodes' characteristics are exactly the same and that the doubling 

action does not contribute any phase component to the second harmonic waveform. 

This assumption is valid if the value of the impedance seen by the diode at the second 

harmonic is purely resistive and no power is dissipated at the fundamental frequency 

(the real pan of the impedance seen by the diode at the fundamental frequency is zero) 

(refer to Section 6.1). 

At the second harmonic, the periodicity of the structure will be equal to 

approximately a full wavelength. Because this satisfies the leaky wave stopband 

condition, broadside radiation will result. Also the structure is connected to four 

microstrip patch antennas to compose an antenna array. The distance between each 

array element is equal to the periodicity of the main structure. The patch antennas are 

resonant at the second harmonic (f2) and therefore only the second harmonic can be 

efficiently radiated. As shown in Fig. 6.3, all the antennas are in phase. Since the 

diodes are about a half wavelength apart at the fundamental frequency, the radiated 
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Patch Antennas 
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Gunn Diodes 
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Fig. 6.2   Diagram of a four diode spatial second harmonic power combiner 

X , is the guide wavelength at fundamental frequency 

kg2 is the guide wavelength at fundamental frequency 
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power from discontinuities at fx should have its null in the broadside direction, so the 

interference between the fundamental and the second harmonic is minimal. 

6.3-Design 

In this experiment, the author used low power packaged Gunn diodes designed 

to operate at the X-band. The circuits were fabricated using a Duroid™ 5880 substrate 

with a thickness of 20 mils and a relative dielectric constant of 2.2. The first step is to 

determine the impedance which the negative resistance device should see at the 

fundamental and the second harmonic in order to generate maximum power at the 

second harmonic. The measurement set up is shown in Fig. 5.4. A single microstrip 

Gunn diode oscillator is constructed. A half-wave microstrip resonator is used to 

determine the fundamental frequency of oscillation. The circuit is connected to a 

spectrum analyzer through a triple stub tuner. By adjusting the stub tuner and trimming 

the microstrip circuit, the power generated at the second harmonic can be maximized. 

Then the Gunn diode was removed from the circuit without introducing any other 

change. A piece of semi-rigid coax is then connected to the circuit in place of the Gunn 

diode. The impedance of the circuit at the fundamental (Zx) and at the second harmonic 

(Z2) is measured using a network analyzer after transferring the plane of reference to 

the end of the coaxial cable. The impedances that are measured are those that should be 

seen by the Gunn diode in order to generate the maximum second harmonic at a 

particular frequency. At the fundamental frequency of oscillation, the resonance 

condition should be satisfied. Therefore the large signal impedance of the Gunn diode 

at the fundamental frequency is -Zx. Also since Z2 is the impedance to which the Gunn 

diode delivers maximum power, the maximum power transfer condition should be 
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satisfied and so the impedance of the diode at the second harmonic is equal to the 

complex conjugate of 7^ (Fig. 6.4). In this experiment, the fundamental frequency at 

which the Gunn diode generated maximum second harmonic is 9.3 GHz. The 

impedances seen by the diode are Zx = 5 + j35 Q and Z2 = 20 + j3 Q. Since the 

impedance Zj is mostly reactive, power at the fundamental is not absorbed, and the 

interaction between the fundamental and the device nonlinearities is maximized. Also, 

the value of Z2 is mostly, real therefore the impedances that appear at the diodes 

terminals at the fundamental and the second harmonic approximately satisfy the 

requirements that were discussed in Section 6.1. The maximum power obtained from a 

single Gunn diode oscillator at 18.6 GHz (f2) was about 5.7 dBm. 

In order to provide the diodes the proper impedances (Z{ and Z2), the length 

and the impedance of the feed line to the antennas, the impedance of the main line, and, 

slightly, the periodicity of the structure are adjusted so that the impedance looking at 

each diode port is Zj and Z2 at fx and f2 respectively. Since the periodicity of the 

structure is one half of the guide wave length at the fundamental frequency and one 

guide wavelength at the second harmonic, after providing one of the diodes the correct 

impedances the others will also see the correct impedances. The circuit design was 

done using the Touchstone™ microwave circuit analysis program. 

The patch antennas were designed based on the transmission line model for 

microstrip patch antennas [29]. After designing the patch antennas their impedances 

were measured using the HP8510 network analyzer. The theory and measurement 

were in good agreement. Therefore, the theoretical values for the impedance were used 

throughout the design procedure. 
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At the fundamental frequency: 

Device 

* •- 

-• * 

Circuit 

dl cl 

At the second harmonic: 

At 9.3 GHz: 

Z=5+j35Q 
cl J 

Osc. Condition: 

ZH1    = -  Z  1 dl cl 

Circuit 

At 18.6 GHz: 

Zc2=20+j3Q 

Max. Power Transfer: 
* 

Fig. 6.4  Determination of the large signal impedance of a packaged Gunn 
diode at the fundamental and second harmonic frequencies. The 
circuit is optimized for maximum second harmonic generation. 
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6.4-Experiment 

A four diode spatial power combining structure was designed and fabricated 

(Fig. 6.5). The antenna radiation pattern is shown in Figs. 6.6 and 6.7. For quasi- 

optical oscillators, one may define an effective radiated power (ERP) as the power 

needed to drive an isotropic radiator to provide the same power density transmitted by 

the quasi-optical oscillator at a certain direction. The ERP is measured by comparing 

the output of a standard gain horn driven with a known RF power to that of the quasi- 

optical oscillator [30] also, an isotropic conversion efficiency can be defined as the ratio 

of the ERP to the dc power consumed by the quasi-optical oscillator [31]. The effective 

radiated power (ERP) for the four diode second harmonic power combiner was 

determined to be 25.7 dBm. The isotropic conversion efficiency was 10.2%. The 

cross polarization was 17 dB below the peak power in the broadside direction. The 

power radiated at fundamental frequency was 15 db below the power at the second 

harmonic measured in the broadside direction [32]. 

In order to determine the power combining efficiency of this structure, the 

following measurement was performed. The maximum power generated by a single 

diode oscillator (5.7 dBm) was injected to a single patch antenna. The effective 

radiated power was measured to be 13.4 dBm. This shows that the ERP from the four 

diode harmonic combiner (25.7 dBm) is about sixteen times the ERP of a single diode. 

The extra factor of four is due to the array factor. 

The performance of the four diode power combiner as a mixer was also tested. 

For quasi-optical transceivers one can define an isotropic receiver gain as the ratio of IF 

power to that of an isotropic receiver with 100 percent RF-IF conversion efficiency 
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Fig. 6.5 Photograph of a second-harmonic four-diode power combining structure 
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Fig. 6.6  The H-plane radiation pattern of the 
four-diode harmonic combiner. 
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Fig. 6.7   The E-plane radiation pattern of the 
four-diode harmonic combiner. 
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[33]. The maximum isotropic receiver gain at IF of 100 MHz was measured to be 6 dB 

at a bias voltage of 11 Volts. The IF bandwidth in this case was about 20 MHz. In 

general, the condition for the optimum power combining does not coincide with the 

condition for the optimum mixing efficiency. In order to improve the receiving 

performance of the quasi-optical transceiver, the active devices were isolated from each 

other at the second harmonic. 

In order to isolate the active devices from each other, a low-pass filter can be 

inserted between each pair of them. The cutoff frequency of the active filter is chosen 

to be higher than the fundamental frequency of oscillation so that the diodes are still 

injection locked to each other at the fundamental frequency of oscillation. As far as 

mixing is concerned, different devices act as isolated down converters and IF signals 

generated by them are added to each other. This is based on the assumption that the 

devices' characteristics arc exactly the same. 

A two diode second harmonic transceiver with the low-pass filter is shown in 

Fig. 6.8. Each diode is connected to a half-wave resonator which determines the 

fundamental frequency of oscillation. The low-pass filter had a cutoff frequency of 10 

GHz. The two Gunn oscillators are phase locked to each other at the fundamental 

frequency of 8.5 GHz. The electrical length of the filter structure is one wavelength at 

the fundamental frequency. The low-pass filter isolates the two Gunn diodes from each 

other at the second harmonic (17 GHz). It should be mentioned that no attempt was 

made to provide any IF matching for the transceiver. 

The receiving and transmitting antenna patterns are shown in Figs. 6.9 and 6.10 

respectively. The receiving pattern is determined by measuring the IF output power of 
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X2: guide wavelength at second harmonic 

Fig. 6.8   A second harmonic transceiver 
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Fig. 6.9  Receiving H-plane radiation pattern 
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Fig. 6,10   Transmitting H-plane radiation pattern 
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the receiver. The positions of the peaks and nulls of the receiving antenna pattern are 

shifted as compared to the transmitting antenna pattern. The difference between 

receiving and transmitting patterns is due to the fact that the two diodes are not exactly 

matched, therefore, the phase of the IF signal generated from each device is not the 

same. This problem is expected to be overcome in monolithic circuit fabrication, since 

all the devices on the same chip should have very similar characteristics. The ERP of 

the two diode transceiver was determined to be equal to 13 dBm at 17 GHz. The 

receiving isotropic conversion gain was 10 dB. The IF frequency was about 100 MHz 

and the bias voltage was 10 volts [34], 

6.5-Conclusion 

A periodic second harmonic spatial power combining oscillator is presented. 

The oscillators are phase locked at the fundamental frequency. The power is combined 

in free space. This power combining method makes the use of external resonator 

circuits unnecessary. This type of circuit structure is compatible with monolithic 

fabrication. The effective radiated power from a four diode second harmonic combiner 

is about sixteen times the ERP of a single harmonic generator. 

A second harmonic two diode transceiver was also demonstrated. In this case 

the power combining structure can also function as a receiver. These types of 

structures are advantageous in microwave and millimeter wave applications, since a 

single circuit can perform several different functions. This structure can easily be 

expanded by using more diodes to generate higher powers. 



CHAPTER 7 

CONCLUSIONS 

In this dissertation, the measurement of the small signal microwave impedance 

of the QWITT diode is discussed. The calculated results from a theoretical model of the 

QWITT diode are in close agreement with the experimental values. It was concluded, 

that due to the large parasitic series resistance, the QWITT diodes that were tested could 

not oscillate in the millimeter wave region. Millimeter wave operation could be 

achieved by reducing the series resistance due to the ohmic contacts by an order of 

magnitude or more. Also, results of the first planar circuit implementation of a 

quantum well oscillator are presented. There is considerable room for optimization of 

both the oscillator circuit and physical device parameters to maximize the oscillator 

output power. In order to design planar QWTTT diode oscillators at millimeter wave 

frequencies whisker contacts should be eliminated. This can be done by fabricating 

planar QWITT diodes. In this case, coplanar waveguide structures can be used for 

circuit design. 

Two types of self oscillating QWITT diode mixers are presented, one in 

waveguide and the other in a planar configuration. The waveguide mixer operates in 

the third harmonic and the planar mixer operates in the fundamental mode of 

conversion. Both of these mixers can achieve conversion gain. 

In order to improve the millimeter wave power level generated by several 

negative resistance devices like the QWITT diode, a periodic power combining 

structure is introduced. This power combiner has a simple structure. Since no external 

resonator is used, the circuit is compatible with monolithic fabrication. To demonstrate 
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this idea, several Gunn diodes are used. In some cases, power combining efficiencies 

higher than 100% are obtained. 

The QWITT diode is a highly nonlinear device, therefore it can be used as a 

harmonic generator. Since the power generated at higher harmonics drops rapidly, a 

power combining method is presented which is designed to combine the second 

harmonic power generated by several negative resistance devices. The power 

combining is performed using quasi-optical techniques. The circuit is periodic and the 

periodicity of the structure determines the fundamental frequency of oscillation. 

Because of its structure, it can be fabricated in monolithic form. This type of circuit can 

also be used as a quasi optical transceiver module. 
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